Previously, we identified a self-activating R2R3-MYB transcription factor, NECTAR GUIDE ANTHOCYANIN (NEGAN), that positively regulates anthocyanin spot formation in the monkeyflower species Mimulus lewisii (Fig. 1A ) and hypothesized that a mechanism akin to the Turing model could generate this periodic pattern (12) . If so, a corresponding repressor of NEGAN function must exist. While down-regulation of NEGAN expression abolishes anthocyanin spot formation in the nectar guides (i.e., the two yellow ridges of the ventral petal; natural alleles behave semi-dominantly; F 1 s derived by crossing these alleles to corresponding wild-type individuals exhibit an intermediate phenotype (Fig. 1D ,F,G).
Although M. lewisii and M. guttatus diverged about 20 million years ago (13) , the similarity and specificity of the altered pigmentation phenotypes led us to suspect that all these mutant phenotypes are caused by lesions in the same gene. To identify the gene responsible for the rto phenotype in each species, we performed bulked segregant analyses on the M. lewisii mutant and the two rto-like M. guttatus alleles (i.e., rto SWC and rto LRD ). As expected, the independent mapping experiments all pinpointed the same causal genomic interval ( Fig. 2A-C) .
Inspection of the bulked segregant reads aligning to this ~60 kb region in the wild-type M.
lewisii (LF10) genome revealed only one mutation, which causes an aspartic acid-to-glycine replacement at a highly conserved site of a small R3-MYB protein (the ortholog of Migut.B01849) that is 91 amino acids long ( Fig. 2D and fig. S2A ). To verify the function of this R3-MYB gene, we knocked down its expression level in M.
lewisii and M. guttatus by RNA interference (RNAi). We obtained multiple independent transgenic lines from both species with severe phenotypes that completely recapitulate the mutant phenotypes ( Fig. 3A and B) . Some lines in the M. lewisii background have an even stronger phenotype than rto (Fig. 3A) , suggesting that rto is a hypomorphic instead of null allele.
Notably, CRISPR/Cas9-mediated frameshift mutations in MgRTO also recapitulate the rto phenotype ( Fig. 3B and fig. S3 ). Together, the association of expanded pigmentation with three independent lesions in RTO and with RNAi knockdown and/or targeted disruptions of RTO in two congeneric species strongly indicates that RTO functions as a repressor of anthocyanin spot
patterning. As such, we expected that over-expression of RTO from the CaMV 35S promoter would attenuate or completely abolish the anthocyanin spots. As expected, the corollas of strong 35S:RTO lines in M. lewisii are completely white and lack anthocyanin spots in the nectar guide region (Fig. 3C ), confirming that RTO acts as a potent repressor of anthocyanin pigmentation.
Having identified the putative repressor, we next tested the other predictions of the classic Turing model: (i) the self-activating activator (i.e., NEGAN) also activates the repressor (i.e., RTO); (ii) the repressor inhibits the activity of the activator; and (iii) the repressor "diffuses" from cell to cell.
To test the first prediction that the activator also activates the repressor, we compared RTO gene expression levels between wild type and NEGAN RNAi plants as well as the M.
lewisii wd40a mutant. The wd40a mutant is relevant because in all angiosperms characterized to date, the anthocyanin-activating R2R3-MYB transcription factor (e.g., NEGAN) functions in an obligatory protein complex that also contains a bHLH protein and a WD40 protein (10, 11) . In To test the second prediction that the repressor inhibits the activator function, we assayed (Fig. 2E,F) and decreased >10-fold in the strong 35S:RTO lines (Fig. 3C,D) . The increase of NEGAN transcript level in rto LRD is less dramatic (Fig. 2F) , indicating that rto LRD is a weak allele, consistent with the phenotype (Fig. 1G) . In the M. lewisii RTO RNAi lines, NEGAN expression is up-regulated up to 15-fold and there is a positive correlation between NEGAN expression level and the severity of the anthocyanin phenotype ( Fig. 3A and D) . Likewise, MgNEGAN expression is also upregulated in the MgRTO RNAi lines (Fig. 3F) . These results strongly indicate that the repressor (RTO) does inhibit the activity of the activator (NEGAN).
That the transcript level of RTO itself in the RTO RNAi lines is not lower than in the wild-type (Fig. 3E, F The mechanism by which R3-MYB repressors inhibit R2R3-MYB activator function is well understood for their homologous proteins in Arabidopsis and Petunia (15, 16) . These R3-MYB proteins have neither DNA-binding nor activation domains, but they compete with the R2R3-MYB for the limited supply of the bHLH proteins, sequestering the bHLH proteins into inactive complexes. Like NEGAN, RTO also contains the bHLH-interacting motif in its R3
domain (17) . The aspartic acid-to-glycine replacement in the mutant rto protein disrupts the bHLH-interacting motif ( fig. S2A ), and therefore, is expected to attenuate or abolish its interaction with MlANbHLH1. Bimolecular fluorescence complementation assays confirmed this hypothesis. The wild-type RTO protein interacts with MlANbHLH1, whereas the mutant rto protein does not (Fig. 3G) .
To test the third prediction that the repressor "diffuses" to neighboring cells (i. (Fig. 3I and fig. S7 ).
Taking these transcript and protein localization results together, we conclude that the RTO gene is transcribed in the anthocyanin spot cells but the RTO protein moves to adjacent cells.
To gain further insight into the mechanism of RTO movement, we generated 35S:YFP-RTO transformants in M. lewisii. Like the strong 35S:RTO lines, strong 35S:YFP-RTO transgenic lines produce completely white flowers, confirming again that the YFP-tag does not interfere with RTO function. We found YFP-RTO localized to both nucleus and cytoplasm. We also found many punctate YFP-RTO signals, mainly in the cytoplasm. These puncta travel from the nucleus to membrane ( fig. S8 ; Movie S1), reminiscent of CAPRICE, which is known to interact with protein transport partners and travel through the endosome system in Arabidopsis roots The moderately high frequency of rto-like alleles in some M. guttatus populations and the fact that these anthocyanin spots serve as important nectar guides in the closely related M. luteus (7) motivated us to test whether natural variation in the anthocyanin spot patterns could impact pollinator visitation. We carried out a series of pollinator preference experiments in a laboratory setting using the rto SWC allele since the heterozygous and homozygous genotypes form a continuum of spot expansion (Fig. 1F) . In a direct comparison between genotypes, naïve pollinators preferentially visited rto SWC homozygote flowers over wild-type flowers, and pollinators also preferred heterozygote to wild-type flowers (Tables 1, S1-S3 Determining whether the rto-like alleles represent nascent selective sweeps or are polymorphisms maintained by frequency-dependent selection or at mutation-selection balance due to costs (e.g., florivore attraction) will require further study in field conditions. Nonetheless, these findings demonstrate the principle that changes in nectar guide patterning that arise by modulating the underlying reaction-diffusion system can influence fundamental plant-pollinator interactions.
In summary, we have described a simple reaction-diffusion network responsible for the Thus, subtle changes in this simple interacting network are likely essential contributors to the remarkable diversity of flower pigmentation patterns, and we expect that molecular circuits with similar properties do explain periodic pigmentation patterns in other systems as first envisioned by Turing more than six decades ago. (Tables  S1-S3 ).
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